a simple, universal equation of state (EoS) for hydrocarbons is proposed. this EoS allows estimation of the effective potential parameters ε and σ in the Lennard-Jones function as analytic functions of n, the number of electrons in the hydrocarbon molecule. Using these parameters, the thermodynamic properties of hydrocarbons may be calculated based on the EoS for a perfect liquid, as already proposed in the Lennard-Jones system. the thermodynamic properties estimated in this manner for various hydrocarbons have been found to be reasonably similar to experimentally obtained values.
Introduction
the critical constants associated with a gas-liquid transition are important as a means of characterizing a fluid system [1] . The experimentally-obtained critical temperatures, T c , of a series of hydrocarbons [2, 3] are plotted as a function of the number of electrons, n, in the molecules in Figure 1 . Figures 2 and 3 plot the critical pressure, p c , and the critical volume, V c , in the same manner, respectively. Molecules are classified into natural groups (normal alkane, branched alkane, aromatic rings and others). a list of these is shown in the appendix. these plots demonstrate that the critical constants of a hydrocarbon depend on the number of electrons in a relatively simple manner, if some deviations from the general trends are neglected.
In this paper, for the sake of simplicity, the Lennard-Jones (LJ) function [1] will be applied to the analysis of these critical constants. the following equation of state (EoS) for a perfect liquid [4] will be used in the analysis: vs. the number of electrons in various hydrocarbons [2, 3] .
perature and pressure of the system, while k is the Boltzmann constant and N is the number of molecules in the system, while the average potential energy is denoted as U e . the functions f (v) and g (v) are polynomials of the volume per particle, v, while the final term in the equation p serves as a correction to satisfy the thermodynamic equation of state (EOS) [1] reproducing the three-phase diagram of argon [4] . Although most hydrocarbon molecules are not spherical, the LJ parameters have commonly been applied to the estimation of many such molecules [5] .
In the following sections, the LJ parameters will be estimated as functions of n, following which the calculated critical constants will be compared with experimentally observed results.
the boiling, melting and triple point temperatures will all be calculated to compare with actual values, and the estimated enthalpies of vaporization will also be compared with macroscopic data. these comparisons will demonstrate that the EoS for a perfect liquid combined with the n-dependent LJ parameters can predict various thermodynamic quantities, at least on a semiquantitative basis.
LJ parameters and critical constants
In this work, molecular interactions between molecules modeled as spheres were determined based on the LJ potential [1] , which is a function of the interatomic distance, r, and is given by the following equation: 12 6 ( ) 4 u r r r
where ε is the depth of the potential well and σ is the separation at which u(σ) = 0.
the critical temperature and the pressure may then be written in terms of LJ parameters [4] as: the number of electrons in various hydrocarbons [2, 3] . In this least-squares fitting process, second-order polynomials are assumed and, generally speaking, these functions are almost linear with respect to n 1/3 . the resulting functions (Equations (4)) are combined with the EOS for a perfect liquid [4] to generate a universal EoS for the hydrocarbons.
Here, R 2 is the coefficient of determination.
the critical volume may then be written in terms of the above potential parameter as in the following relationship [4] . experimental data [2, 3] .
In this section, the boiling point under a pressure, p, of 1 atm is examined. In order to fix the boiling temperature, the following equation was solved numerically for each given value of n:
an example of the EXCEL worksheet applied to these calculations is provided in the appendix to this text. the resulting boiling temperatures are plotted in Figure 9 , and it is evident that the match between these values and the experimental data is satisfactory. the enthalpy of vaporization values are presented in Figure 10 . these calculated values are approximately 30% less than the macroscopic data, although the calculated enthalpies of vaporization do increase as n increases in accordance with the general trend of the experimental results.
Melting and triple points
The EOS for a perfect solid [4] was assumed when estimating the calculated values in Figure 11 , while a comparison of the triple point data is shown in Figure 12 . the EoS values are evidently larger than the experimental values in most cases, possibly because an FCC lattice was assumed for the solid structures in the present EoS and this may be not the case for the majority of solid hydrocarbons. Nevertheless, the present EoS approach is able to provide rough approximations based solely on the number of electrons in the molecule.
pVT and UVT relationships at constant volume
In this section, the pVT and UVT relationships are discussed.
the p vs. T plot for hexane is shown as a function of temperature at the density of the boiling point in Figure 13 , and the pressure is seen to be a linear function of temperature [4] . The slope of the liquid phase pressure line obtained from the EoS results is different from that for the experimental data because the density is different in both cases, as can be seen in table 1.
the U vs. T plot is compared in Figure 14 
Here, N v is the number of vibrational modes in the molecule,
while v is the quantum number of the vibration. Since the vibrational energy levels are discrete, the internal energy exhibits curvature when plotted as a function of temperature. the comparison of the derived and experimental UVT relationships in Figure 14 shows that the agreement between the two is satisfactory.
pVT and UVT relationships at constant temperature
the pvT and the UVT relationships for methane were studied at the following temperatures: parison with published data [6] .
unstable state were also plotted in the region P > 0 for the EoS.
In the gas-phase, the comparison shows adequate agreement, although the EoS pressure increases at relatively low density compared to the experimental data as the density increases. the density of liquid is compared in table 2.
Discussion
the present LJ parameters are compared with published values [5] in Figures 17 and 18 .
It is evident that our ε values are slightly less than those obtained by Cuadros et al. [5] , while our values for the size pa-rameter, σ, compare satisfactorily, with the exception of those molecules for which n is around 100. this may have occurred because we assumed a pure LJ system, whereas Cuadros et al.
[5] applied a different EOS containing an acentric factor [9] .
the anisotropic interactions between the hydrocarbon molecules are expected to be averaged by the thermal motion in the gas and liquid phases. as a result, the molecular system may with published data [5] .
be considered to be similar to a LJ system, and this possibility was examined by molecular dynamics simulations of hexane.
In these computations, a basic cubic cell was employed, containing 500 hexane molecules, and rigid bodies were assumed when solving the equation of motion. the time increment was 1 fs and 100,000 steps were solved using an NTP ensemble, in which T was 300 K and p was 1 atm, employing the Fujitsu SCIGRESS-ME software package [10] . The OPLS molecular interaction function was assumed [11] [12] [13] [14] . The molecular pair correlation function, g(r), in the liquid phase is shown as a function of molecular distance, r, in Figure 19 , which demonstrates the correlation between the centers of mass. The first peak is found at r = 6 Å, and has a width of 2 Å and three sub-peaks. the coordination number of this peak is approximately 10, while, in the case of liquid argon, this number is about 12. the second peak is found at approximately r = 10 Å, a distance that is close to twice the location of the first peak. This relationship between peaks is frequently seen in simple liquids. the pair correlation function in liquid argon at t = 100 K and P = 1 atm is also shown in Figure 19 , although in the case of these data, the r axis for the argon data has been modified such that r' = (11/9)r.
the variation of σ with n may be readily explained; the molecular volume of a hydrocarbon is determined almost exclusively by the volume occupied by its carbon atoms. For this reason, the molecular volume as calculated by the Gaussian algorithm at the HF/6-31G (d) level [7] is almost entirely pro-portional to n, as shown in Figure 20 . However, the variation of ε with n is not as easy to explain. Because the variation of ε with n is already obtained by the analysis of the experimental data with EoS, we can propose a possible cause. the molecular interaction energy is the sum of repulsive and attractive forces, and these two are balanced near the molecular distance equal to the molecular diameter, as in the case of the LJ model. the repulsive part may be understood as resulting from the Coulomb interaction [1] between the two charges, q 1 and q 2 , of the two molecules: Here e is the unit charge. By this assumption, q 1 and q 2 are proportional to n 1/3 . In contrast, the molecular volume of a hydrocarbon is almost proportional to n, as shown in Figure 20 and so the molecular distance r in equation. (9) is also proportional to n 1/3 . thus the relationship between the energy parameter ε and n may be written as follows: 
